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Available online 16 June 2015AbstractHelium in China highly depends on import at present, so the most practical way to change the situation is searching for medium-to-large
natural gas fields with high helium content. Therefore, the hydrocarbon accumulation mechanism and the helium origin of the Weiyuan high-
helium natural gas reservoir have been analyzed to find out the feasibility of finding natural gas field with high helium content in the Presinian
strata of the Sichuan Basin. Based on twelve outcrop sections and drilling data of four wells encountering the Presinian strata, the petrological
features, sedimentary facies and source rocks of Presinian strata were systematically analyzed, which shows that the sedimentary formation
developed in the Presinian is the Nanhua system, and the stratigraphic sequence revealed by outcrop section in the eastern margin includes the
Nantuo, Datangpo, Gucheng and Liantuo Fms, and it is inferred that the same stratigraphic sequence may occur inside the basin. The Nantuo,
Gucheng and Liantuo Fms are mainly glacial deposits of glutenite interbedded with mudstone; the Datangpo Fm is interglacial deposits of
sandstone and shale, the lower part shale, rich in organic matter, is fairly good source rock. Further study showed that the Nantuo coarse-grained
clastic reservoir, Datangpo source rock and the intruded granite “helium source rock” make up a good high-helium gas system. Controlled by the
early rift, the thick Presinian sedimentary rocks occur primarily inside the rift. The distribution of sedimentary rocks and granite in the basin was
predicted by use of the seismic data, which shows that the feasibility of finding high-helium gas reservoirs in Ziyang area of the Sichuan Basin is
great.
© 2015 Sichuan Petroleum Administration. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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RiftHelium is an important industrial raw material mainly
extracted from helium-bearing natural gas. But restricted by
the lack of helium resources and the high cost of helium
extraction, helium (especially high purity, ultra-high purity
helium) needed in China mainly depends on import. So
looking for high and medium-sized natural gas fields with high
helium content is the most practical way to deal with the
shortage of helium resources in China.
The Weiyuan gas field in the Sichuan Basin, with proved
natural gas reserves of 400  108 m3 and relatively high in* Corresponding author.
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Peer review under responsibility of Sichuan Petroleum Administration.
http://dx.doi.org/10.1016/j.ngib.2015.02.007
2352-8540/© 2015 Sichuan Petroleum Administration. Production and hosting by
(http://creativecommons.org/licenses/by-nc-nd/4.0/).helium content in Sinian [1], is the only gas field where in-
dustrial-scale helium extraction has been carried out. It has a
helium content range of 1178e2212 mg/g, 1598 mg/g on
average, but after over 50 years of development, its natural gas
resources have been nearly depleted.
On the basis of previous study results and through its origin
analysis, helium in the high-helium Weiyuan gas field is
believed to come from the underlying intruded granite [2],
which is referred to here as “helium source rock”. Therefore,
for the exploration of high-helium natural gas, the key is to
look for “helium source rocks” and adjacent reservoirs. On the
basis of a number of investigation, a systematic study on the
features of Presinian strata, sedimentary facies, argillaceous
source rocks and their distribution showed that the PresinianElsevier B.V. This is an open access article under the CC BY-NC-ND license
89Zhang J. et al. / Natural Gas Industry B 2 (2015) 88e94strata near the intruded “helium source rock” granite may have
good reservoirs, and that the argillaceous source rocks in
Presinian Datangpo Fm have fairly high hydrocarbon gener-
ation potential. Both of them make up a good source-reservoir
assemblage with high-helium content, which represents the
exploration direction in the next step for high-helium gas
reservoirs in the Sichuan Basin.
1. Presinian strata and sedimentary facies
Previous study on the structure and strata of the basement
in the Sichuan Basin [1,3e6] shows that the basement consists
of a set of igneous rocks and metamorphic rocks several
thousands to ten thousand meters thick [1], including crys-
talline basement and sedimentary basement. Archean-Early
Proterozoic Kangding Group acts as deep crystalline basement
through Zhongtiao Movement (1700e1900 Ma); Middle
Proterozoic-Late Proterozoic Ebian Group-Banxi Group acts
as basin folded basement through Jinning Movement
(780e1700 Ma), which is mainly composed of sedimentary
rocks, which, in some areas, has transited into epimetamorphic
rocks due to the metamorphism of late stage [7e13]. In recent
years, by combining seismic data with the development of
Presinian strata in the basin periphery, Zhang Jian et al.
speculate a set of 3000e5000 m thick sedimentary rocks may
deposit above crystalline metamorphic basement and below
Sinian strata, representing Neoproterozoic Nanhua System
[12,14]. Although its accurate horizon and lithology are still
uncertain because there is no well drilling into this formation
yet, it may be composed of clastic rocks with some exploration
potential for natural gas. Based on previous study, the authors
have made preliminary study to find out if there are sedi-
mentary rocks in Presinian strata in the Sichuan Basin as well
as the features and distribution of sedimentary rocks. The
twelve outcrop profiles around the basin periphery and the
drilling data of four wells encountering the Sinian in the basin
(Well Wei 15, Well Wei 117, Well Wei 28 and Well Nu¨ji) were
systematically analyzed in combination with the interpretation
results of the 2D and 3D seismic data newly acquired in the
Sichuan Basin.1.1. Stratigraphic featuresThe Presinian in the Sichuan Basin is mainly composed of
Nanhua System and Qingbaikou System (Table 1) [15e17]. In
eastern Sichuan, the Nanhua System includes Liantuo Fm,Table 1
Stratigraphic division of Sinian and its underlying strata in the Sichuan Basin and
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Mesoproterozoic Jixian eGucheng Fm, Datangpo Fm and Nantuo Fm. Based on the
stratigraphic characteristics and controlling factors, it is
guessed that the strata of Central Sichuan may be similar to
that of eastern Sichuan, and Middle-Upper Nanhua System
may develop above Chengjiang Fm. With the Eastern Sichuan
as an example, the stratigraphic features will be elucidated in
detail in the following section (Fig. 1).
1.1.1. Liantuo Fm
Liantuo Fm is a set of coarse clastic rock containing a large
amount of tuffaceous composition, with greyish-green glu-
tenite at its bottom and light greyish-green and dark purple
tuffaceous sandstone lithic sandstone at its top. Its lower part
is composed of purple, greyish-green feldspathic quartz
sandstone of coarse to medium grains and feldspathic sand-
stone, while its upper part is mainly composed of purple,
greyish-white crystal, vitric tuff, tuffaceous sandstone and
lithic sandstone, with cross bedding. Liantuo Fm is mainly
continental deposits of fluvial facies, with an uneven forma-
tion thickness between 50 and 260 m.
1.1.2. Gucheng Fm
Gucheng Fm represents glacial deposits, with outcrops
found in Hunan, Hubei, Sichuan and Guizhou, etc. It is
composed of grayish-green moraine glutenite or pebbly
moraine mudstone. The gravels are in disorderly arrangement
and with wide grain size difference. The gravel composition is
complex, including sandstone, siltstone, granite, dikes and
marl. The gravels are also poor in roundness and often have
scratches. This formation, generally several meters to 10 m
thick, disconformably contacts with underlying Liantuo Fm.
1.1.3. Datangpo Fm
At the end of 1960s, Datangpo Fm was defined according to
the Datangpo manganese mine profile in Songtao county of
Guizhou province [18], which is a set of carbon manganese
and fine clastic deposits, divided from underlying graywacke
by black carbonaceous rock or manganese rock at its bottom.
The Formation is mainly made up of black silt-bearing shale,
dark gray, grayish green silt-bearing chlorite shale (Fig. 2a and
b) with rich horizontal beddings and local tuff stripes. It is
uneven in thickness, ranging in 200e300 m.
1.1.4. Nantuo Fm
Distributed over a large area, Nantuo Fm is glacial deposits
with grayish-green massive argillaceous and arenaceousits surrounding areas.
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ntuo Fm Doushantuo Fm Guanyinya Fm Guanyinya Fm
Fm Nantuo Fm Lieguliu Fm Lieguliu Fm
po Fm Datangpo Fm Kaijianqiao Fm e
g Fm Gucheng Fm e e
Fm Chengjiang Fm [12] Suxiong Fm Tiechuanshan Fm
roup Banxi Group Ebian Group Huodiya Group
Ebian Group Huili Group
Fig. 1. Stratigraphic integrated histogram of Presinian in the eastern Sichuan Basin.
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rocks at the top and large massive moraine mudstone
conglomerate in the middle. It is greenish-gray on the whole,
with a little purple in local areas. Its gravels are different in
sizes and shapes, poor in sorting, and complex in composition,
with scratches (Fig. 2c and d).1.2. Sedimentary characteristics
1.2.1. Sedimentary environment
Nanhua System refers to all the sediments deposited be-
tween the first glacial period and the latest glacial period in
Neoproterozoic [19], including Liantuo interglacial period,
Gucheng glacial period, Datangpo interglacial period and
Nantuo glacial period. Nantuo Fm is glacial deposits of
shoreland glacier miscellaneous conglomerate lithofacies,
with gray sericite slate, siltstone and sandstone in domi-
nance, interbeded with glutenite and pebbly slate. Datangpo
Fm occurring between two glacial formations, has manga-
nese carbonate rocks and black carbonaceous shale repre-
senting warm climate; it is composed of a set of terrigenous
clastic sedimentary association controlled by extensionaltectonic settings, with grain size fining and then coarsening
upward; especially the carbonate rocks at the bottom,
equivalent to glacial cap carbonate rocks, represent the de-
posits of warm climate after glacial period, a typical sign of
the end of glacial period. The development of glacial period
of Gucheng Fm is different in different paleo-geographical
locations. The glacial period with complete and large
depositional thickness is developed in the basin facies in the
southeast of Yangtze plate, such as North Guilin Sanjiang
region; while the development of the glacial period becomes
poor from the southeast to the northwest of Yangtze plate, to
Xiadong of Hubei Province, Gucheng Fm is nearly missing
(Fig. 3). Liantuo Fm is a set of coarse tuffaceous clastic
rocks, with a higher proportion of continental fluvial
sediments.
1.2.2. Types of sedimentary facies
The sedimentary facies of Nanhua System can be divided
into glacial facies, slope facies, continental shelf facies and
basinal facies based on field geological profile observation, an
analysis of sedimentary-structural marks of the southeastern
Sichuan Basin and a comparison with the adjacent areas.
Fig. 2. Photos of the sedimentary rocks of Nanhua System in the eastern Sichuan Basin.
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divided into four lithostratigraphic units, including Liantuo
Fm, Gucheng Fm, Datangpo Fm and Nantuo Fm. Liantuo Fm
and Gucheng Fm are composed of a set of pebbly terrigenous
clastic rocks with a sedimentary environment ranging from
fluvial lake facies to coastal faces then to shallow sea basin
facies, representing continental glacier sedimentary sequence
composed of conglomerate-fine gravel coarse sandstone in low
angle or parallel disconformable contact with the underlying
silty slate of Banxi Group. Datangpo Fm can be divided intoFig. 3. Stratigraphic correlation of Nanhuathree members lithologically: ① Member 1 is composed of
black carbonaceous shale interbeded with several layers of
rhodochrosite, representing restricted shallow marine basin
deposits with a thickness of 5e20 m (50 m at maximum). It
represents the condensed section of transgressive system tract
and contacts with the underlying Gucheng Fm in a discon-
formity surface or corresponding conformity surface; ②
Member 2 is composed of gray to dark gray silty shale, with
sandstone in local areas and a small number of pebbly silty
clay rocks, representing deposits of continental shelf basinSystem in the eastern Sichuan Basin.
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composed of lamellar silty shale and thick silty clay rock as-
sociation of basin facies in continental shelf margin (fine
gravels can be occasionally seen) deposited in slow sea level
declining phase. The Nantuo Fm above it is composed of
pebbly sandstone, pebbly silty clay rocks interbeded with silty
shale in local areas with large thickness (160e250 m), which
contacts with the underlying Datangpo Fm in a disconformity
surface (Fig. 3).
2. Features of source rocks of Datangpo Fm
The lower part of Datangpo Fm is mainly composed of
carbonaceous shale, interbeded with several layers of dialogite
and a large amount of blue-green algae fossils, representing
restricted shallow marine shelf basin facies, with a small
thickness of generally 5e20 m and 50 m in local areas. It is
the condensed section of TST sedimentary sequence; the
middle part of Datangpo Fm is mainly composed of gray/dark
gray silty shale, with a small number of pebbly silty clay
rocks. It is the deposits of continental shelf basin facies, with a
thickness of 70e320 m, with lamellar silty shale, thick silty
clay rocks interbeded with thick massive silty clay rocks at the
top. In Songtao Datangpo area, the sedimentary thickness is
between 200 and 300 m, and 600 m at maximum. It contacts
with the underlying and overlying strata in conformity sur-
faces with clear boundaries.
The samples from Dachayuan and Xiaochayuan profile in
Xiushan Mountain show that this formation contains abundant
algae, fungi and acritarchs fossils, planktonic microbial
combination in deep water. It is high-quality source rocks,
with a TOC of 0.25%e15.86% (25 samples), and 4.8% on
average, total rock reflectance Ro of 2.02%e2.37%, kerogen
d13C of 31.9‰e33.8‰, and S1 between 0.0023 mg/g and
0.043 mg/g, 0.014 mg/g on average. The source rocks are
partial sapropel mixed type (II1) and partial humus mixed (II2)
type.
3. Helium source in gas reservoirs and its accumulation
mechanism3.1. Source of helium in high helium gas reservoirsA large number of studies have been conducted on the
origin of the high helium gas reservoirs [2,20e25]. There are
two opinions about the gas origin in the Weiyuan gas field:
organic and inorganic origins. Organic origin theory considers
the gas to be sourced from the shale of Cambrian Qiongzhusi
Fm (Jiulaodong Fm) or from the dolomite of Dengying Fm or
both [21e25]; inorganic origin theory considers the gas to be
sourced from the upward migrating hydrocarbon generated
from mantle degassing along deep faults [20]. The helium in
natural gas is considered to be released from the decay of U,
Th of Emei granite at the bottom of Sinian or deep mantel
[2,20]. Compared with the Weiyuan gas field, the adjacent
Sinian Gaoshiti-Moxi gas reservoir has a much lower heliumcontent of 103e539 mg/g [26], where the natural gas is
dominantly from the source rocks of Sinian and Cambrian
Qiongzhusi Fm [26].
The authors think the hydrocarbon gas in the natural gas of
this area is dominantly sourced from the argillaceous source
rocks of Presinian, Sinian and Cambrian, and the helium in the
natural gas is dominantly sourced from the helium released
from U, Th decay in intrusive granite [2]. Therefore, intrusive
granite in Presinian is “helium source rock”, and when helium
generated by “helium source rock” and the hydrocarbon gas
generated by source rocks enter Sinian, Cambrian and Ordo-
vician reservoirs at the same time, high-helium gas reservoirs
would come into being.3.2. Accumulation mechanism of high-helium gas
reservoirsHere the Weiyuan gas field is taken as an example to
illustrate the accumulation mechanism of high-helium gas
reservoirs. The Weiyuan gas field discovered in 1964 is an
anticlinal gas reservoir with proven gas geological reserves of
400  108 m3, where the major reservoirs are Sinian Dengying
Fm dolomite and source rocks are Cambrian Qiongzhusi Fm
shale, Sinian mudstone and carbonate rocks [22,25]. The gas
with high helium content (mainly 1178e2212 mg/g, and
1598 mg/g on average) has quite high industrial exploitation
value. Later on, some wells drilled in Cambrian and Ordovi-
cian overlying Sinian also tapped industrial gas flow [27] with
high helium content, such as Cambrian in Well Wei 5 with a
helium content of 2000 mg/g and Ordovician in Well Wei 72
with a helium content of 1700 mg/g, indicating that multiple
sets of reservoirs in the Weiyuan gas field features high helium
content.
A consensus has been reached on the formation process of
the Weiyuan gas field. The structure was located in the
southern slope belt of Leshan-Longnu¨si paleo-uplift before
Late Triassic (before massive crude oil cracking in paleo-oil
reservoir), during Himalayan, the Weiyuan structure uplifted
into the anticlinal trap with the shallowest buried depth and
largest closure height on the paleohigh, during the course,
paleo-oil reservoir cracked into gas and accumulated in paleo-
gas reservoir, which then uplifted and adjusted into the anti-
cline gas reservoir [28].
Therefore, the accumulation mechanism of high-helium gas
reservoir can be summarized as: ① after the deposition of
Sinian, Cambrian and Ordovician, the mature source rocks of
Cambrian and Ordovician generated a large amount of crude
oil, meanwhile the underlying “helium source rock” e intru-
sive granite released massive helium through degasification;
② crude oil and helium migrated into the reservoirs of Sinian,
Cambrian and Ordovician to form high-helium oil reservoirs
(Fig. 4);③ when Upper Triassic Xujiahe Fm began to deposit,
the oil reservoir began to crack into gas reservoir; and ④
during Himalayan, the paleo-structure reworked into the pre-
sent gas reservoir, in which helium has been preserved all the
time.
Fig. 4. Accumulation model of the gas reservoirs with high helium content in
the Weiyuan area.
93Zhang J. et al. / Natural Gas Industry B 2 (2015) 88e944. Exploration direction4.1. Plays of Presinian high-helium gas reservoirsThe analysis of accumulation mechanism of high-helium
gas reservoirs in the Weiyuan area shows that the Presinian
strata and intrusive granite can form good plays for high-he-
lium gas reservoirs (Fig. 5): ① the source rocks of Datangpo
Fm with large thickness and good hydrocarbon generation
potential could provide sufficient hydrocarbon gas; ② the
intrusive granite acting as “helium source rock” could be
degassed to release massive helium, which could migrate
upward with hydrocarbon gas; ③ the overlying glutenite of
Nantuo Fm and siltstone of Datangpo Fm could serve as good
reservoirs. The glutenite of Nantuo Fm is dominantly
composed of sandy conglomerate and pebbly sandstone, with
minor shale (Fig. 2c, d). In unconformable contact with
overlying Doushantuo Fm, the Nantuo Fm glutenite could
form karst reservoirs of weathering crust due to long-term
exposure (Fig. 2d), and provide reservoir space for the hy-
drocarbon gas and helium generated by the underlying strata;
and ④ the mudstone of Sinian Doushantuo Fm and tight
dolomicrite of Deng1 Member overlying the glutenite of
Nantuo Fm can act as good caprocks. Therefore, the chances
of finding high-helium gas reservoirs in Presinian in the
Sichuan Basin are very high.Fig. 5. Source-reservoir-caprock assemblage of gas reservoirs with high he-
lium content.4.2. Discussion on exploration directionThe distribution of Presinian sedimentary strata is mainly
controlled by the development of the early rift [28,29]. The
strata distribution inside the basin can be inferred from out-
crops in the southeastern Sichuan: in rift regions, the sedi-
mentary strata from Nantuo Fm to Liantuo Fm are well
preserved, with large thickness of 500e2000 m; in non-rift
regions, the sedimentary strata are thin, for example in Well
Nu¨ji of the Central Sichuan, the Sinian and granite contact
directly. In the Weiyuan area, seismic profiles show disorderly
reflection due to the intrusion of volcanic rocks of late stage,
for example, Well Wei 117 drilled through Sinian and
encountered granite.
The following three factors should be taken into consider-
ation in the prediction of the exploration direction of high-
helium gas reservoirs: ① well-developed Presinian sedimen-
tary rocks; ② well-developed “helium source rock”, namely
granite directly intruding into Presinian or directly contacting
with the Dengying Fm (similar to the Weiyuan gas field); and
③ the economy and preservation conditions of exploration,
the buried depth should be moderate and within drillable
range. The areas where both rift and granite are developed are
the prospect areas for the exploration of natural gas with high
helium content, for example, Ziyang, where: ① sedimentary
rocks and granite are both developed, and the sedimentary
associations are speculated similar to those revealed by the
outcrops in the eastern Sichuan; seismic profiles show obvious
disorderly reflection of granite and continuous reflection of
sedimentary rocks, indicating that granite and sedimentary
rocks are interbeded into each other (Fig. 6a), forming good
source-reservoir assemblages; ② the buried depth of explo-
ration target (Presinian sedimentary rocks) is moderate
(5000e5500 m); ③ the distribution scope of granite is large
(Fig. 6b), implying large helium supply area and thus suffi-
cient helium supply; and ④ drilling results show that Sinian
Dengying Fm contains helium, indicating it is an important
exploration target for the gas reservoirs with high helium.
5. Conclusions
1) The chances of finding gas reservoirs with high helium
content in Presinian in the Sichuan Basin are fairly high.
2) The Presinian sedimentary strata are Nanhua System,
including Nantuo Fm, Datangpo Fm, Gucheng Fm and
Liantuo Fm in the southeastern margin of the Sichuan
Basin. It is inferred that the stratigraphic sequence in the
basin is the same. Nantuo Fm, Gucheng Fm and Liantuo
Fm are composed of glacial deposits of interbedded
glutenite and mudstone. Datangpo Fm is glutenite
interglacial deposits of sand-shale, and the shale in its
lower part, high in organic matter content, is good
source rock. The glutenite reservoir of Nantuo Fm,
siltstone reservoir of Datangpo Fm, source rocks of
Datangpo Fm and the intrusive granite (“helium source
rock”) make up a good source-reservoir assemblage for
high-helium gas reservoirs.
Fig. 6. Predicted Presinian lithologic distribution of the Ziyang area.
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controlled by the early rift and thick sedimentary strata
deposit inside the rift. The distribution of sedimentary
rocks and granite in the basin are predicted by using
seismic data, which shows that high-helium gas reser-
voirs are likely to be found in Sinian-Presinian of Ziyang
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